Waterborne diseases significantly affect human health and are responsible for high mortality rates worldwide. Antibiotics have been known for decades for treatment of bacterial strains and their overuse and irrational applications are causing increasing bacteria resistance. Therefore, there is a strong need to find alternative ways for efficient water disinfection and microbial control. Carbon nanotubes (CNTs) have demonstrated strong antimicrobial properties due to their remarkable structure. This paper reviews the antimicrobial properties of CNTs, discusses diverse mechanisms of action against microorganisms as well as their applicability for water disinfection and microbial control. Safety concerns, challenges of CNTs as antimicrobial agents and future opportunities for their application in the water remediation process are also highlighted.
INTRODUCTION
Due to rapid industrialization and environmental pollution, the contamination of water resources has occurred globally (Nemerow ) . Waterborne diseases such as typhoid fever, dysentery, cholera, and diarrhea, etc., induced by microbial pathogens significantly affect human health and are responsible for high mortality rates worldwide (LeChevallier & Kwok-Keung ; Hamer et al. ) . Clean drinking water free of pathogens is required for living organisms to sustain life. The removal of pathogens from contaminated water is an urgent need for the benefit of human health and environment. The removal process of pathogens from water is found to be difficult due to fluctuating concentration of pathogens and the type of pathogens present in the influent water. Conventional disinfectants, such as chlorine, ozone, and chlorine dioxide, can control the microbial growth, but they have short-lived reactivity and can be problematic due to formation of toxic disinfection byproducts. Therefore, it is important to develop an innovative alternative technique that can effectively improve the reliability of disinfection.
Recent advancements in the field of nanotechnology can contribute noticeable development and improvement to water disinfection processes (Qu et Another potential application of CNTs for water disinfection is their use in the synthesis procedure or in situ generated for membrane formation process to remove bacteria and viruses in water system. Several studies have demonstrated that CNTs can be incorporated with polymers or nanomaterials to produce nanocomposite membranes and perform an effective inactivation of bacteria and viruses (Brady-Estévez et al.
, ).
The exact antimicrobial mechanism of CNTs for pathogen control in water is still not clear. Several researchers (Kang Despite much scientific evidence throughout the past decade regarding the biological effects of CNTs, there are no updated reviews focusing on the antibacterial effects of CNTs for water disinfection and pathogen control. Since most literature is conducted on the CNTs' antimicrobial control of bacteria and viruses, only limited data are available on other pathogenic microorganisms. Thus, this review paper will focus on the antimicrobial activity and mechanisms of action of CNTs against bacteria. The promising applications of CNTs for water disinfection and bacteria control, their possible toxicological effects as well as the future challenges are discussed.
ANTIMICROBIAL ACTIVITY OF CNTS
The antimicrobial activity of CNTs in aqueous solution is a complex process, which is closely related to physiochemical properties of CNTs (CNTs' size and surface area, dispersing ability, content of impurities) and some external factors (CNTs' dosage, treatment time, culture medium, and bacterial species).
Physicochemical properties
The size of CNTs plays an important role in the inactivation of bacteria cells. The study of Kang et al. (b) has shown that SWNTs exhibit stronger antibacterial activity to microbial cells, whereas MWNTs exhibit a milder antibacterial effect. Examples of scanning electron microscopy (SEM) images of cells exposed to SWNTs and MWNT are shown in Figure 1 . Only a few E. coli cells exposed to MWNTs lost their cellular integrity (Figure 1 
ANTIMICROBIAL MECHANISMS OF CNTS
The antibacterial mechanism of CNTs is still not well explained. In the literature, several mechanisms have been postulated, as presented in Figure 3 : (1) 
Cell membrane damage
Cell membrane damage and release of intracellular contents were shown as a likely mechanism leading to bacterial cell death. Attachment of CNTs alters the structure, permeability, and proton motive force of the cell membrane.
Several studies have shown that the contact of the bacteria with CNTs causes cell morphology distortion, damage to 
Production of ROS and oxidative stress
Oxidative stress is also a possible mechanism partially accounting for CNTs' toxicity in bacteria. Once CNTs enter into bacteria, they induce generation of harmful ROS including superoxide anion (O 2 •À), hydroxyl radicals (OH•), hydrogen peroxide (H 2 O 2 ), and organic hydroperoxides. These free radicals produced in oxidative stress will initiate the peroxidation of unsaturated phospholipids in the membranes, thus producing more peroxyl radical intermediates, leading to severe damage to lipoproteins and nucleic acids. Lipid peroxidation also causes damage to 
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TOXICOLOGICAL CONCERNS ABOUT CNTS
As we have already discussed, CNTs have potential applications in water disinfection and microbial control as an innovative antimicrobial agent. However, some safety con- Advances in these areas may allow incorporation of antimicrobial CNTs into existing water treatment systems. Another challenge is the cost-effectiveness. A great advantage of conventional antimicrobials is the low cost. The price of SWNTs and MWNTs are relatively high compared with conventional antimicrobials. Hence, the feasibility of the usage of nanomaterials as antimicrobial agents will only be able to compete with conventional antimicrobials by producing CNTs of lower price. Future research needs to address the scalability of CNTs' production as well as the reusability of these carbon nanomaterials.
After suitably addressing the toxic concerns and economic considerations of CNTs, their current and envisioned applications in environmental pollution control will reveal different possibilities. CNTs could be produced in a costeffective way or combined with green technology for their synthesis, uses, and environmental friendly disposal. The increasing interest in microbial control by CNT-based nanomaterials will likely stimulate research activities in this area in the decades to come. Future research addressing scalability, economics, and safety of CNTs is likely to overcome many of the current limitations and create opportunities in environmental pollution protection (e.g., water treatment) and other applications, where control of microbe growth is essential.
